Previous studies have shown that the seated human is most sensitive to wholebody vertical vibration at about 5 Hz. Similarly, the body shows an apparent mass resonance at about 5 Hz. Considering these similarities between the biomechanical and subjective responses, it was hypothesised that, at low frequencies, subjective ratings of whole-body vibration might be directly proportional to the driving force.
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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ INTRODUCTION Experimental work since the 1960s has indicated that perception of whole-body vibration is a function of vibration frequency (e.g. Miwa, 1969; Mansfield, 2004) .
Many studies have shown that the seated human is most sensitive to vertical vibration at about 4-5 Hz and most sensitive to horizontal vibration at lower frequencies (e.g. Parsons and Griffin, 1988) . These data have been collated into a series of frequency weightings, such as those published in ISO2631 and BS6841 (e.g. Figure 1 ). These weightings model the subjective response to vibration such that, for single axis vibration:
where I(f) is the subjective rating of vibration intensity and a weighted (f) is the frequency weighted acceleration at frequency f, although the relationship in terms of vibration magnitude is not necessarily linear (e.g. Morioka and Griffin, 2000) . The biomechanical response of the seated person has previously been assessed using kinetic (i.e. impedance and apparent mass) and kinematic (i.e. transmissibility) approaches. The apparent mass is calculated as the ratio of the force to the acceleration in the frequency domain:
where M(f) is the apparent mass, F seat (f) is the force and a seat (f) is the acceleration at frequency f at the seat surface. There is a peak in the vertical apparent mass (or driving point mechanical impedance) of the seated human at about 5 Hz that reduces in frequency as the magnitude of the vibration increases.
(e.g. Fairley and Griffin, 1989; Hinz and Seidel, 1987; Mansfield and Griffin, 2000; Smith 1994 ). The general shape of the peak is not dependent on vibration waveform or subject age, if the effects of subject mass are taken into account (Giacomin, 2004; Mansfield and Maeda, 2004) . In the horizontal direction, a similar non-linearity has been observed, but with peaks in response at lower frequencies (Mansfield and Lundström, 1999a) . The response of lumped parameter models (Mansfield and Lundström, 1999b) of the apparent mass of the seated human to whole-body vibration are shown in Figure 2 .
Figure 2 about here
Considering the models of human responses to vibration depicted in Figures 1 and 2 it appears that subjective ratings of vibration and biomechanical responses might be related. For vertical motion, both subjective and biomechanical responses peak at about 5 Hz. Similarly, for horizontal motion, both subjective and biomechanical responses peak at about 2 Hz. However, for vertical vibration, the roll off at high frequencies for these models (and indeed for subject data) is not as great for the frequency weighting.
The similarity between the subjective and biomechanical models at low frequency is sufficient to question whether there is an underlying link between the mechanical response (i.e. apparent mass) of the sitting person and their subjective response such that the apparent mass could effectively be used as a frequency weighting such that:
If this is the case then, considering the definition of apparent mass:
Therefore, subjective ratings of vibration intensity could be predicted solely from measurements of force at the seat. It should be noted that this technique would mean that no frequency weighting would be required for subjective assessments of vibration, and therefore it would be possible that inter-individual differences could be accounted for as an inherent property of the method. Furthermore, it would mean that non-linearities in response with respect to waveform and magnitude could be accounted for without the requirement for complex mathematical models. Although this approach is attractive, it is unclear whether it is viable either in terms of transducer technologies or whether the frequency range over which it might be effective is too restrictive. For example, the discrepancy between the apparent mass model and subjective response model could be less than or greater than that observed for individual subjects rendering the method more or less viable respectively.
All known studies of human responses to vibration in the literature have scaled the dependent variable (biomechanical or subjective) in terms of the acceleration, velocity or displacement. To investigate whether human response to whole-body vibration is proportional to unweighted force, experimental data is required that links subjective ratings directly to driving force.
This paper reports a study that had the following objectives:
1. To define an equal comfort contour for whole-body vibration expressed in terms of force at the seat, 2. To identify the frequency range (if any) over which subjective rating is not a function of frequency when expressed in terms of force, 3. To provide a preliminary evaluation of the feasibility of using measurements of force at the seat as a predictor for subjective ratings of whole-body vibration.
II METHODS
A subjective intensity matching protocol was used in the experiment. Participants were exposed to five groups of trials. Each trial used a pair of sinusoidal vertical vibration stimuli: a reference stimulus at 8 Hz and a test stimulus with a frequency of either 1, 2, 4, 16 or 32 Hz. 8 Hz was used for the reference to ensure that the reference and test stimuli frequencies were as close as possible when considered on a logarithmic scale (i.e. a maximum of three octaves) whilst avoiding the peak in apparent mass that could occur at 4 Hz for some subjects.
Each stimulus had a duration of 4 seconds consisting of a 0.5 second taper, 3
seconds of steady sinusoidal vibration and finishing with a 0.5 second taper.
There was a pause of 1 second between the reference and the test stimuli. . The lower magnitude at 1 Hz was required to ensure that the experimental conditions remained within the specification of the vibrator.
Each trial used a modified Bruceton test protocol. After the pair of stimuli, subjects judged whether the first (reference) or second (test) stimulus had the greater intensity, or whether they felt the same. If the reference was perceived as being more intense, the magnitude of the test vibration was increased by 20%.
If the reference was perceived as being less intense, the magnitude of the test vibration was reduced by 20%. A step size of 20% was used as this is approximately two times the difference threshold for whole-body vibration perception (e.g. Mansfield and Griffin, 2000; Morioka and Griffin, 2000) . If the two stimuli were rated as being equal, then the magnitude of the test vibration was scaled by 20% in the same direction as the previous change. Therefore, the vibration magnitude would continually step up or down between a series of reversal points. The procedure was continued until six reversals had been completed ( Figure 3 ). The value used for the matched intensity in the data analysis was the arithmetic mean of the six reversals for the acceleration and for the force. The starting magnitude for the test stimuli was randomly set at either 0.29 or 0.86 ms -2 r.m.s., W k weighted, apart from for the 1 Hz stimulus where these were set at 0.14 or 0.43 ms -2 r.m.s. Therefore, the first test stimulus should have been clearly perceived as either lower or higher than the reference stimulus respectively, assuming that the W k weighting is a reasonable model of wholebody vibration perception. The frequency weighting was only used to calculate the starting magnitude for each group of trials: all other reports of vibration magnitude in this paper are unweighted. The trial groups were presented in a balanced random order.
Figure 3 about here
Twelve male subjects participated in the experiment who were instructed to sit in a comfortable, relaxed upright posture. The subjects had a mean age of 27.9 years (s.d. 8.6), a mean weight of 65.8 kg (s.d. 11.6) and a mean stature of 171 cm (s.d. 11.6).
An electro-hydraulic vibrator with low distortion was used to generate the vibration stimuli. This system had a peak-to-peak stroke of 100mm and was situated in the laboratories of the National Institute of Industrial Health, Kawasaki, Japan. Acceleration at the seat was measured using a Brüel and Kjaer 4370
accelerometer. The force at the seat was measured using a Kistler 9286A force All subjects were explained the purpose of the study and gave their consent to participate. They were free to withdraw at any time although all subjects completed the trials. The experiment was approved by the Human Experimentation, Safety and Ethics Committee of the National Institute of Industrial Health.
III RESULTS
A full set of data was obtained for 11 of the 12 subjects. An equipment difficulty meant that data at 4 Hz was not obtained for one subject, although all other conditions were successfully measured. As ratings at 1 Hz were obtained relative to a reference with a magnitude of 50% of that used for all other conditions, measured values for acceleration and force were scaled by a factor of two to enable direct comparisons to be made.
For the acceleration data, most subjects showed that they were relatively less sensitive to the vibration at frequencies greater than the reference (i.e. test frequencies of 16 and 32 Hz). At frequencies lower than the reference, most subjects also showed a slight reduction in sensitivity, but this was not observed for all individuals ( Figure 4 , Table I ). Median data for the subjects expressed in terms of acceleration shows that there was not a clear difference between the sensitivities at 1 and 2 Hz, sensitivities were slightly greater at 4 Hz and 8 Hz (the reference frequency) and that there was a steady decrease in sensitivity from 8
Hz through to 32 Hz. The differences between the data obtained at 32 Hz and all other frequencies were significant (p<0.005, Wilcoxon). The only other significant difference occurred between the 2 Hz and 8 Hz data (p<0.05) although differences approached significance between 1 Hz and 8 Hz (p=0.07) and between 8 Hz and 16 Hz (p=0.08).
Figure 4 and Table I about here
Due to the differences in the subject masses, the forces for the reference stimuli varied, despite the acceleration magnitude being controlled. Data were therefore normalised by dividing by the force at the reference magnitude to enable comparison between subjects (Table II) . For the force data, all subjects showed that they were more sensitive to higher frequency forces than lower frequency forces. At frequencies above the reference (8 Hz), all subjects showed an increase in sensitivity ( Figure 5 ). At frequencies below the reference, subjects tended to be slightly less sensitive in terms of force. All subjects were less sensitive to the vibration at 2 Hz and 4 Hz when compared to 8 Hz, and ten of the subjects were less sensitive to vibration at 1 Hz when compared to 8 Hz (i.e. a greater force was required for parity). Most subjects showed a relatively equal response at 1 Hz, 2 Hz and 4 Hz. The forces measured at 16 Hz and 32 Hz were all significantly lower than data obtained at lower frequencies (p<0.005, Wilcoxon) although there was no significant difference between the ratings at 16
Hz and 32 Hz. Similarly, significant differences were observed between the data at 8 Hz and 1 Hz (p<0.05) and between 8 Hz and 2 Hz or 4 Hz (p<0.005). There were no significant differences between the results obtained at 1 Hz, 2 Hz and 4
Hz. The equal sensation data in terms of acceleration produced in this experiment is comparable to other studies in the literature which have previously been identified as having minimal bias (Griffin et al. 1982) . If published data sets are scaled to give a value of 0.5 at 8 Hz, then the trends are similar between studies ( Figure 6 ). All show frequencies of greatest sensation to occur between 4 and 8
Hz and a reduced sensation at higher and lower frequencies. The gradient of the reduction in sensation with increasing proximity from the 4-8 Hz range shows some variation between studies. Gradients obtained in this study were not as steep as some of those observed previously.
Figure 6 about here
The most commonly used frequency weighting for whole-body vertical vibration is the W k weighting (ISO2631-1, 1997). At frequencies of 4 Hz and above, the results for acceleration in this study correspond closely to the W k curve ( Figure   6 ). However, below 4 Hz the W k curve shows a more rapid reduction in sensitivity than observed here. In agreement with the literature, the ratings of vibration intensity in this study had a discrepancy of approximately 2:1 at 1 Hz when compared to W k . This indicates that W k might underestimate subjective ratings of vibration magnitude at low frequency. However, W k is also designed to be applicable for health risk assessments. Biomechanical data (e.g. Smith, 2000; Boileau et al., 2002; Nawayseh and Griffin, 2003) tend to show a resonance in the response of the seated body to vibration at about 5 Hz. Therefore, data from this study alone does not necessarily imply that the frequency weighting curve should be changed (at least for health risk assessments).
Previous studies have not generally reported subjective and biomechanical responses to whole-body vibration within the same experiment. Therefore, it is not possible to derive the relationship between any individual's subjective response to force and the frequency of the force. However, it is possible to use a model of subjective response (i.e. a frequency weighting) in combination with a model of biomechanical response (i.e. a lumped parameter apparent mass model) to derive a generalised expected profile for subjective responses with respect to force at any frequency. As apparent mass is defined as the ratio of the force to the acceleration at any frequency and the frequency weighting is modelled to the subjective rating of acceleration at any frequency, division of the apparent mass by the frequency weighting will result in a model of an equal sensation response in terms of force. A model derived from the W k weighting and the lumped parameter model presented in Mansfield and Lundström (1999b) , where the data sets are scaled to give a value of unity at 8 Hz, is shown in Figure   7 and compared to the data obtained in this study. This shows that at frequencies below 5 Hz the effect of frequency observed in the weighting and in the apparent mass cancel one another out such that the subjective response is linear with respect to frequency. At frequencies above 5 Hz the equal sensation curve decays indicating that a lower force is required for an equivalent sensation.
Therefore, a greater sensation occurs for the same r.m.s. force.
Figure 7 about here
The similarity between the shape of the response of the model of an equal sensation curve for force based on fitted curves and the results obtained in this study is clear. Although in the representation illustrated in Figure 7 the differences between the curves occur at low frequency, this is due to the normalisation occurring at 8 Hz; if the normalisation occurred at, for example, 1
Hz, the difference would be observed at the higher frequencies. These data therefore indicate that the gradient of increasing sensation at high frequencies is steeper in the model than that observed in this study. The frequency at which the response starts to be affected by vibration frequency was similar for the model and the experimental data.
Although subjects were not interviewed in a structured manner following the trials, it was commented that the low frequency stimuli were perceived by the whole body whereas the sensations of high frequency vibration were localised to the skin and muscle of the thigh and buttocks. This corresponds to published data concerning transmission of vibration through the seated person which shows that sites remote from the driving point are effectively isolated from the vibration at higher frequencies (e.g. Paddan and Griffin, 1998) . Therefore the mechanism for the increased sensitivity at high frequencies must either be due to the nature of the underlying physiology (e.g. fast adapting nerve endings in the skin sensitive to vibration above 10 Hz) or an indirect result of the biomechanical response. The increased sensitivity to force at high frequencies being due to the biomechanical response is the most plausible as less force is required to generate the same acceleration at high frequencies when compared to low frequencies, as can be seen in the apparent mass of the seated body (Figure 2 ).
This experiment has indicated that for low frequency vibration, an assessment methodology based on driving force could be envisaged. However, the frequency range over which this would be of value would be constrained to frequencies below about 5 Hz. Furthermore, there are practical difficulties in measuring the driving force in vehicles, although some studies have reported such data (e.g. Holmlund, 1999) . Considering that most environments where individuals are exposed to vibration have a significant proportion of vibration energy at frequencies above this 5 Hz threshold, the use of force cannot be considered a pragmatic method of vibration assessment.
V CONCLUSIONS
This study has shown that the sensitivity of seated humans to whole-body vibration is greatest for acceleration at a frequencies between 4 and 8 Hz. This Industrial Health (in press). Griffin at al. (1982; ----) and an inverted W k frequency weighting (-♦-), all scaled to give a value of 0.5 at 8 Hz (the reference frequency in this study). ), Griffin at al. (1982; ----) and an inverted W k frequency weighting (-♦-), all scaled to give a value of 0.5 at 8 Hz (the reference frequency in this study). Normalised force
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